The hypothalamic component of the reproductive axis in vertebrates is comprised of a pulse generator that stimulates the release of GnRH. Several lines of evidence are in agreement that the activity of this pulse generator is intermittent and results in the pulsatile pattern of GnRH and LH release. During a recent investigation of the re-initiation of LH secretion in the agonadal, prepubertal male monkey, we observed a daytime profile of LH secretion, which suggests an apulsatile mode of GnRH release. The first purpose of this study was to describe this observation of apulsatile LH release during the peripubertal transition. Furthermore, we have explored the dependence of this form of LH secretion on GnRH release. Five male rhesus monkeys (Macaca mulatta) were castrated prepubertally and were treated with an intermittent infusion of GnRH to prematurely sensitize the juvenile pituitary to endogenous GnRH release. Alternate daytime (1100-1800 h) and nighttime (1900-0200 h) assessments of LH release were performed at 10-day intervals throughout the peripubertal transition with samples taken every 12 min. In a second experiment, four agonadal males which demonstrated an apulsatile profile of LH release were maintained on an infusion of physiological saline and were treated with the GnRH antagonist Nal-Glu (i.m., 500 µg/kg). Circulating levels of LH were determined 22 h after antagonist treatment. In peripubertal animals, circulating levels of LH were similar between morning and evening assessments. However, pulse frequency was significantly lower during the daytime. GnRH antagonist reduced LH levels by 72% and a similar reduction in response to an exogenous GnRH test stimulus occurred. These findings suggest an apulsatile mode of GnRH release.
Introduction
The hypothalamic component of the reproductive axis in vertebrates is comprised of a neuronal pulse generator which stimulates the release of the gonadotropin-releasing hormone (GnRH). Several lines of evidence are in agreement that the activity of this hypothalamic pulse generator is intermittent and results in the corresponding episodic release of GnRH. The peripheral release of luteinizing hormone (LH), the pituitary hormone released in response to GnRH, is pulsatile (Dierschke et al. 1970 , Gay & Seth 1972 . Likewise, direct assessments of GnRH in the portal vasculature (Clark & Cummins 1982 , Moenter et al. 1994 or indices of GnRH release in median eminence perfusion (Terasawa et al. 1988) both support the concept that the release of GnRH is pulsatile. Finally, electrophysiological correlates of GnRH pulse generator activity in the rhesus monkey (Wilson et al. 1984) and in the goat (Tanaka et al. 1995) demonstrate abrupt, isolated increases in hypothalamic activity coincident with LH pulses. Taken together, these findings support the conclusion that the activity of the GnRH pulse generator is intermittent and results in pulsatile GnRH release.
During a recent investigation of the re-initiation of open-loop pulse generator activity in the prepubertal male monkey (Suter et al. 1998) , we observed a profile of LH secretion during the daytime which appears to be apulsatile. However, discrete LH secretory episodes were preserved nocturnally. The purpose of this study was first to describe this observation of apulsatile LH release during the peripubertal transition. Furthermore, we have explored the dependence of this form of LH secretion on GnRH release.
Materials and Methods

Animals
Five male rhesus monkeys (Macaca mulatta), which were born at the Primate Research Laboratory, University of Pittsburgh School of Medicine, were used for these studies. All animals were individually housed and were maintained in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Animals were fed Purina Monkey Chow (Ralston Purina, St Louis, MO, USA) daily between 1100 h and 1200 h and were supplemented with fruit in the afternoon (1500-1600 h). Water was freely available. Snacks, consisting of peanuts, raisins or sunflower seeds, were given approximately every other day. Animals were maintained under a controlled photoperiod (lights on 0700-1900 h). All protocols were approved by the Institutional Animal Care and Use Committee.
Surgical procedures
Animals were bilaterally castrated between 12·5 and 20 months of age and implanted with chronic indwelling venous catheters (0·040 inches internal diameter, 0·085 inches outside diameter; Sil-med Corp., Taunton, MA, USA). All surgical procedures were performed using sterile techniques, after sedation with ketamine hydrochloride (Ketamine, 50 mg/animal, i.m., Vetalar, ParkeDavis, Morris Plains, NJ, USA) and anesthesia with sodium pentobarbital (25 mg/kg body weight, i.v., plus 5 mg supplements, as required; Nembutal Sodium Solution, Abbott Laboratories, North Chicago, IL, USA). Post-surgically, animals were treated prophylactically with a single injection of penicillin (300 000 units, i.m., Bicillin L-A, Wyeth Laboratories, Inc., Philadelphia, PA, USA). Additionally, after catheterization, each animal was treated with a broad-spectrum antibiotic, cephalosporin (100 mg/ animal, i.v., Cefazolin Sodium; Eli Lilly Co., Indianapolis, IN, USA) and an analgesic, meperidine hydrochloride (1 mg/kg, i.v., Demerol, Winthrop Pharmaceuticals, New York, NY, USA) twice a day for 4 days. During the protracted course of these studies, catheter patency was restored, when needed, by surgically re-positioning the catheter or by placing a new catheter at an alternative site. At these times, a sterile technique was employed and preand post-surgical care was similar to that described above for the original catheter placement.
Remote venous sampling
Animals were maintained as previously described (Gay et al. 1993 , Suter et al. 1998 ) on a remote sampling system which allows for continuous, undisturbed access to the venous circulation. Briefly, the silastic indwelling catheter was tunneled under the skin, from the jacket and through a stainless steel tether where it was attached to a swivel device at the top of the cage. A polyvinyl catheter was connected to an external port of the swivel and then was passed through an aperture in the wall to the adjacent laboratory so that infusion and blood sampling could be performed remotely without disturbing the animals. After each collection of sequential blood samples (0·8 ml), red blood cells were suspended in physiological saline and returned to the animals, which were treated twice daily for 4 days with antibiotic (cephalosporin, 100 mg/animal i.v., Cefazolin Sodium). Animals were also supplemented monthly with iron dextran (25 mg, i.m., Phoenix Pharmaceuticals, Inc., St Joseph, MO, USA)
In situ GnRH bioassay
Prior to Experiment 1, animals were treated for 4-6 weeks with an hourly infusion of synthetic GnRH (0·15 µg GnRH/ml per hour over 3 min; LH-FSH-RH, chloride form, batch #2, AY-24-031-A26, from the National Hormone and Pituitary Program) infused by a peristaltic pump controlled by a programmable timer (Chrontol, Lindburg Enterprises, Inc., San Diego, CA, USA). This infusion prematurely enhanced pituitary sensitivity and thereby allowed a juvenile pituitary release of LH to serve as an in vivo bioassay for hypothalamic GnRH release and allows for the detection of pulses with incremental pulse amplitudes as low as 2-10 ng/ml LH (Suter et al. 1998) . For Experiment 2, older animals in which pituitary responsivity to GnRH was established by endogenous GnRH release were maintained on an infusion of physiological saline without GnRH treatment. An episode of GnRH release was inferred when Pulsar identified an LH pulse (Merriam & Watcher 1982) .
Experimental protocol
Experiment 1: Pulse profile of daytime GnRH release during the peripubertal transition (n=5) Alternate daytime (1100-1800 h) and evening (1900-0200 h) assessments of GnRH pulse generator activity were performed at 10-day intervals after the re-initiation of nocturnal pulse generator activity associated with the onset of puberty. The nature of the re-initiation of the nocturnal activity of the GnRH pulse generator has been described elsewhere (Suter et al. 1998) . For the present study, activity of the GnRH pulse generator after the attainment of maximum nocturnal pulse frequency and therefore an adult-like nocturnal capacity to stimulate release is considered (5-7 pulses/7 h). Activity of the GnRH pulse generator was assessed by circulating levels of LH after the exogenous GnRH infusion had been terminated for 86 h (daytime assessments) or 96 h (nighttime assessments). Samples were taken every 12 min, a sampling interval which maximizes frequency of pulse detection (Veldhuis et al. 1986) . Pituitary responsiveness to GnRH was verified after each assessment by examining the LH response to a bolus injection of GnRH (0·300 µg, i.v.) in samples at 5, 10, 20 and 40 min after injection. After each assessment animals were returned to the exogenous GnRH infusion to maintain pituitary sensitivity. -p-methoxybenzoyl-2-aminobutyric acid 6 ,-Ala 10 ]-GnRH; 500 µg/kg i.m. in peanut oil). Samples for LH determination were taken at 20-min intervals for 2 h prior to antagonist administration (1100-1300 h, day 1). Animals were briefly anesthetized with Ketamine (30 mg/ kg i.v.) and injected with the antagonist. The time course of changes in circulating levels of LH were determined by single samples taken at 1400, 1500, 1700 and 2100 h (day 1). Twenty-two hours after antagonist treatment (day 2), samples were taken at 20-min intervals from 1100 h to 1600 h. A bolus injection of GnRH (0·300 µg, i.v.) followed by samples at 5, 10, 20 and 40 min after injection was used to determine the effectiveness of the GnRH antagonist treatment. Each animal was also used as a control and was treated in a similar manner with the appropriate volume of peanut oil.
LH assay
Serum was harvested and frozen until LH determination could be made. LH was measured by RIA using a cynomolgus LH-anti-hCG (WP-R13) with rhesus pituitary preparation WP-XV-20 (NIH rhLH RP-1) as the standard. LH was measured in 100 µl aliquots and reassayed in lower volumes as needed. Minimum detectable concentrations ranged between 6 and 14 ng/ml. Inter-and intra-assay coefficients of variation were 7·4 and 4·1%.
Pulse analysis
LH pulses were identified by the pulse detection program Pulsar. All data were compared with G values G(1)=4·4, G(2)=2·6, G(3)=1·96, G(4)=1·46 and G(5)=1·13 which result in a 1% false positive rate (Merriam & Watcher 1982) . The number of pulses identified in each 7 h assessment throughout the peripubertal transition during the day and evening were averaged for each animal after attainment of the maximum nocturnal pulse frequency. Individual animal means were then averaged to obtain a mean nocturnal and daytime average for the peripubertal group. Mean levels of LH were determined by averaging LH values of all samples taken for pulse assessments.
The effectiveness of GnRH antagonist treatment was assessed by comparing the average of mean circulating levels of LH in samples taken for 5 h beginning 22 h after antagonist or control treatments and mean levels of LH in the four samples 5, 10, 20 and 40 min following GnRH injection. To account for variability in unstimulated LH release between animals, the incremental response to GnRH injection was also calculated (i.e. the difference between mean levels of LH in the four samples following GnRH injection and the mean level of LH in the four samples immediately prior to GnRH infusion).
Statistics
Differences in mean LH and LH pulse frequency between daytime and evening were determined by a one-way ANOVA followed by a two-tailed t-test. Differences in mean levels of LH in the antagonist study were determined using a one-tailed t-test. Significance of differences was accepted at P<0·01 for mean and frequency measures of LH as well as for the response to the GnRH bolus. Means of LH measures in the antagonist study were accepted as different at P<0·05.
Results
Experiment 1
Representative nocturnal and daytime pulse profiles for two males approximately 3 months after the pubertal increase in LH release are shown in Fig. 1 . Robust pulsatile activity was observed nocturnally (Fig. 1A and  D) . In contrast, only a limited number of LH pulses were detected either 10 days after the nocturnal assessments (Fig. 1B) or 10 days prior to the nocturnal assessment (Fig. 1C) . The response to the i.v. bolus injection of GnRH was not significantly different between morning (131·30 20·8 ng/ml LH) and evening (156·13 45·7 ng/ml LH) assessments (mean ...).
Mean circulating levels of LH and LH pulse frequency during morning and evening assessments are shown in Fig.  2 . Mean levels of LH during all assessments were well above the limit of detection of the assay system (i.e. 6-14 ng/ml) and were not different between morning (118·6 29·0 ng/ml) and evening (178·2 30·9 ng/ml; Fig. 2A ). However, LH pulse frequency was significantly lower during the day. On average 5·5 0·43 pulses/7 h were detected at night whereas 1·2 0·40 pulses/7 h were present during the day (Fig. 2B) . Despite comparable levels of circulating LH between daytime and nighttime, in a majority of assessments, one LH pulse or less was observed during the day (13 of 18).
Experiment 2
A representative response and the time course of the decline in circulating levels of LH following treatment with GnRH antagonist is shown in Fig. 3 . The first significant reduction in LH release in the four antagonisttreated animals relative to controls was observed at 2100 h (166·8 38·6 vs 59·3 25·2 ng/ml respectively).
The effect of GnRH antagonist treatment on daytime LH secretion is shown in Fig. 4 . Circulating levels of LH prior to Nal-Glu injection did not differ between animals prior to control or antagonist treatment (166·1 14·0 vs 198·2 18·5 ng/ml) (Fig. 4A) . Twenty-two hours after antagonist administration, mean levels of LH were reduced by 72%. In control animals, circulating levels of LH were 165·1 9·1 ng/ml while in antagonist-treated animals LH was 45·9 3·1 ng/ml (Fig. 4B) . Circulating levels of LH following the test bolus of exogenous GnRH were reduced by 71%, from 194·4 21·3 ng/ml in control animals to 55·5 8·0 ng/ml in the antagonist-treated animals (Fig. 4C) . The incremental LH response to GnRH infusion in the control-treated animals was 32·6 9·7 ng/ml. In antagonist-treated animals, this response was significantly reduced (8·0 5·9 ng/ml).
Discussion
The release of GnRH from the vertebrate hypothalamus in most circumstances appears to be pulsatile and the pulsatile nature of this GnRH signal is physiologically important for the function of the pituitary and gonadal components of the reproductive axis. In rhesus monkeys bearing hypothalamic lesions that abolish gonadotropin secretion, circulating levels of LH and FSH are restored by hourly administration of exogenous GnRH (Wildt et al. 1981) . Conversely, continuous infusion of GnRH results in a decrease in pituitary responsiveness to GnRH and a decrease in LH and FSH levels (Belchetz et al. 1978) . Therefore, the pulsatile pattern of GnRH release and the corresponding intermittent nature of GnRH pulse generator activity appear to be crucial for normal reproductive function.
In the present study the release of this neuropeptide, as assessed by circulating levels of LH, during the daytime in the male peripubertal monkey was not pulsatile. Similar anecdotal observations of an apulsatile pattern of LH secretion have been made in the adult agonadal male rhesus monkey following either short-term (i.e. 9 day) (Plant & Dubey 1984) or long-term (Bercu et al. 1985) removal of the testes. The present studies, however, are the first to systematically describe this type of LH release using multiple daytime assessments with intervening nocturnal assessments that demonstrate the presence of pulsatile LH secretion in the same group of animals.
The mode of hypothalamic activity that might result in this pattern of LH release is uncertain but the profile of LH secretion reflects, in general, a corresponding profile of GnRH release. The early work in direct GnRH assessments had suggested that silent GnRH pulses which did not result in tonic LH release occurred (Clark & Cummins 1982) . More recent work, however, has demonstrated that this is probably not the case. In castrates, the model employed in the present study, each hourly GnRH release appears to elicit an LH secretory episode (Evans et al. 1994b) . Additionally, push-pull perfusion in the adult, ovariectomized monkey, has shown a strong correlation between GnRH pulses and peripheral LH pulses (Terasawa et al. 1988) . Finally, increases in multi-unit activity, an electrophysiological correlate of GnRH pulse generator activity, are invariably associated with LH release in the monkey (Wilson et al. 1984) . Accordingly, LH secretion appears to be a reasonable index for hypothalamic activity and GnRH release.
The presently observed apulsatile mode of LH release during the daytime hours in the peripubertal male does not appear to reflect a faulty pituitary response to GnRH stimulation. Robust nocturnal pulsatility was observed, suggesting that the pituitary's response to a pulsatile GnRH signal is pulsatile LH release. Moreover, the presence of this adult-like, circhoral pulse frequency at night in the peripubertal animals is consistent with the notion that the hypothalamic component which dictates GnRH release possesses the requisite capacity for intermittent GnRH secretion at this stage of development. Therefore, it does not appear as though this apulsatile pattern of LH release reflects an immature GnRH pulse generator. Finally, no diurnal difference in the response to the exogenous GnRH bolus was apparent. Accordingly, it is unlikely that the failure to observe pulses during the day can be attributed to differences in pituitary responsiveness.
It is possible that this apulsatile profile of LH secretion is a consequence of fast hypothalamic GnRH release. In the adult intact male, a diurnal variation in GnRH release does occur. However, it is generally accepted that the frequency of peripheral LH pulses and testosterone secretion in the male monkey is maximal at night with daytime slowing of hypothalamic activity (Plant 1981) . The failure to observe pulsatile LH release during the day together with the detection of pulsatile LH release during times of presumed acceleration (i.e. at night), suggests that rapid release of GnRH may not account for this apulsatile LH secretion.
Work in the female rhesus monkey utilizing a variety of infusion paradigms also suggests that a fast frequency of GnRH release cannot be responsible for this LH secretory profile. Frequencies of intermittent, exogenous GnRH infusion that deviate only slightly (2 or 3 pulses/h) from the endogenous circhoral frequency result in pituitary desensitization and a decrease in circulating levels of gonadotropins (Wildt et al. 1981) . Therefore, with even a modest acceleration in endogenous GnRH pulse frequency, a similar hypophysial response might be anticipated in these males. The presence of nocturnal pulses, however, is consistent with maintenance in pituitary sensitivity to GnRH. Therefore, a fast frequency of hypothalamic discharge probably does not induce this apulsatile LH secretory response. It remains to be determined, however, if the intermittent evening activity would be sufficient to maintain pituitary sensitivity in the face of fast hypothalamic release during the day.
The findings of the present study suggest a mode of hypothalamic release that may not be strictly pulsatile. Parenthetically, it should be noted that simultaneous measurements of GnRH and LH in the ewe have revealed that in some circumstances (i.e. following ovariectomy and estradiol treatment), a pulsatile pattern of GnRH release can result in an apulsatile pattern of LH (Evans et al. 1994b) . While this possibility could account for the present findings, the same study demonstrated that LH pulses were consistently associated with GnRH pulses in castrates without steroid treatment, a model analogous to the one presently employed. This consideration notwithstanding, the possibility of discordant GnRH and LH secretion cannot be definitely excluded.
Alternatively, during the day in the agonadal male, there may be a desynchrony of hypothalamic GnRH release such that the solely episodic or coordinated nature of GnRH release is lost. Consistent with this possibility, in direct assessments of GnRH, a desynchrony of GnRH release has been reported in other experimental preparations. For example, during the ascending limb of the GnRH surge in the ewe, GnRH appears to be released in a mode that is not pulsatile (Moenter et al. 1992 , Evans et al. 1994a . Similar results have been obtained in the female monkey during the preovulatory surge of GnRH (Pau et al. 1993) . Interestingly, the incidence of hypothalamic multi-unit volleys declines precipitously in association with the preovulatory LH surge in the monkey (O'Byrne et al. 1991) , a finding that may be a result of a loss of synchronized activity within the hypothalamic pulse-generating network. Taken together, these data suggest GnRH release may not be strictly pulsatile. Therefore, the pattern of secretory activity observed in the present study may reflect this alternative mode of GnRH pulse generator activity and GnRH release. Additional studies using more direct approaches such as portal sampling or hypothalamic multi-unit recording will most likely provide additional insight into the underlying pattern of GnRH release and corresponding pattern of pulse generator activity that accounts for this LH pulse profile.
The physiological relevance of the present finding is underscored by a recent clinical study in the adult human male. In a sub-population of men with adult-onset hypogonadotropic hypogonadism, a similar apulsatile profile of gonadotropin secretion was observed. Circulating levels of LH were well within the range of the assay detection despite the failure to resolve discrete LH secretory episodes. Following pulsatile GnRH treatment, circulating levels of LH were restored suggesting either a defect in GnRH synthesis or secretion (Nachtigall et al. 1997) . The findings of the present study, where comparable levels of circulating LH were observed irrespective of the pattern of LH secretion, suggest that biosynthesis of GnRH and the release of GnRH per se is not compromised. Instead, this apulsatile pattern of LH release may reflect an underlying shift in the mode of activity of the GnRH neurosecretory apparatus.
